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Asymmetry of the electron spectrum in hole-doped and electron-doped cuprates
Huaiming Guo and Shiping Feng
Department of Physics, Beijing Normal University, Beijing 100875, China
Within the t-t′-J model, the asymmetry of the electron spectrum and quasiparticle dispersion in
hole-doped and electron-doped cuprates is discussed. It is shown that the quasiparticle dispersions of
both hole-doped and electron-doped cuprates exhibit the flat band around the (pi, 0) point below the
Fermi energy. The lowest energy states are located at the (pi/2, pi/2) point for the hole doping, while
they appear at the (pi, 0) point in the electron-doped case due to the electron-hole asymmetry. Our
results also show that the unusual behavior of the electron spectrum and quasiparticle dispersion is
intriguingly related to the strong coupling between the electron quasiparticles and collective magnetic
excitations.
74.25.Jb, 74.62.Dh, 74.72.-h
The parent compounds of cuprate superconductors
are believed to belong to a class of materials known as
Mott insulators with an antiferromagnetic (AF) long-
range order (AFLRO), then superconductivity emerges
when charge carriers, holes or electrons, are doped into
these Mott insulators1–3. Although both hole-doped and
electron-doped cuprates have the layered structure of the
square lattice of the CuO2 plane separated by insulat-
ing layers1–3, the significantly difference of the electronic
states between hole-doped and electron-doped cuprates
is observed4,5, which reflects the electron-hole asymme-
try. For the hole-doped cuprates, AFLRO is reduced
dramatically with doping1,6, and vanished around the
doping δ ∼ 0.05. But a series of inelastic neutron scatter-
ing measurements show that the incommensurate short
AF correlation persists in the underdoped, optimally
doped, and overdoped regimes1,6, then in low temper-
atures, the systems become superconducting (SC) over a
wide range of the hole doping concentration δ, around the
optimal doping δ ∼ 0.152,7. However, AFLRO survives
until superconductivity appears over a narrow range of
δ, around the optimal doping δ ∼ 0.15 in the electron-
doped cuprates3,8,9. In particular, the maximum achiev-
able SC transition temperature in the electron-doped
cuprates is much lower than that in the hole-doped case,
and the commensurate spin response in the SC-state
is observed10. These experimental observations show
that the unconventional physical properties of both hole-
doped and electron-doped cuprates mainly depend on the
extent of the doping concentration. Since many of the
unconventional physical properties, including the rela-
tively high SC transition temperature, have often been
attributed to particular characteristics of low energy ex-
citations determined by the electronic structure1,4, then
a central issue to clarify the nature of the unconventional
physical properties is how the electronic structure evolves
with the doping concentration,
From the angle-resolved photoemission spectroscopy
(ARPES) measurements4,11, it has been shown that the
electron spectral function A(k, ω) in doped cuprates is
strongly momentum and doping dependent. For the
hole doping, the charge carriers doped into the parent
Mott insulators first enter into the k = [π/2, π/2] (in
units of inverse lattice constant) point in the Brillouin
zone4,11–13, while the charge carriers are accommodated
at the k = [π, 0] point in the electron-doped case4,11,14,15.
Moreover, A(k, ω) has a flat band form as a function of
energy ω for k in the vicinity of the [π, 0] point, which
leads to the unusual quasiparticle dispersion around the
[π, 0] point with anomalously small changes of electron
energy as a function of momentum4,11–15. In particu-
lar, this flat band is just below the Fermi energy for
the hole-doped cuprates, while it is located well below
the Fermi energy for the electron-doped case. The flat
band reflects the underlying electronic structure near a
band saddle point, and is manifestation of a strong cou-
pling between the electron quasiparticles and collective
excitations16. Since the normal-state pseudogap starts
growing first in the single-particle excitations around the
[π, 0] point, and then exists in a wide range of the doping
concentration4, therefore the broad feature in the elec-
tron spectrum around the [π, 0] point has a particular
importance in the mechanism of the normal-state pseudo-
gap formation, and is responsible for the unconventional
normal-state properties4. Recently, a new low photon
energy regime of ARPES has been accessed with lasers
and used to study cuprate superconductors, where the
clearest evidence for the existence of the electron quasi-
particles in the normal-state has been observed17. There-
fore these ARPES experiments have produced some in-
teresting data that introduce important constraints on
the model and theory of cuprate superconductors4.
The doping evolution of the normal-state electron spec-
trum in the hole-doped cuprates has been extensively
studied within some strongly correlated models18. The
most striking aspect is that the unusual quasiparticle dis-
persion can not be explained by either of the band the-
ory scenarios. The numerical calculation of the electron
spectrum based on the large U Hubbard19 model for the
hole-doped case shows the quasiparticle dispersion sim-
ilar to those observed in experiments. In this calcula-
tion, the flat band around the [π, 0] point arises from
the large Coulomb interaction U. The unusual quasipar-
ticle dispersion in the hole-doped case has been stud-
ied numerically within the t-J type model20, and the
result of the quasiparticle dispersion along the [0, 0] to
1
[π, 0] direction is quantitative agreement with the exper-
iments. This study also shows unambiguously that the
energy scale of the quasiparticle band is controlled by the
magnetic interaction J . In particular, the electron-hole
asymmetry in hole-doped and electron-doped cuprates
has been discussed based on numerically exact diago-
nalization methods21, it is shown that the electron-hole
asymmetry comes from the coupling of the charge carriers
with the spin background. Moreover, many authors22,23
suggest that the unusual electron spectrum in doped
cuprates is a natural consequence of the charge-spin sep-
aration (CSS). Although the exact origin of the striking
behavior of the electron spectrum still is controversial,
a strongly correlated many-body like approach may be
appropriate to describe the electronic structure of doped
cuprates. Recently, we24 have developed a CSS fermion-
spin theory for description of the unconventional physi-
cal properties in doped cuprates, where the electron op-
erator is decoupled as a gauge invariant dressed charge
carrier and spin. Within this framework, we have shown
that the charge transport is mainly governed by the scat-
tering from the dressed charge carriers due to the spin
fluctuation, and the scattering from the spins due to
the dressed charge carrier fluctuation dominates the spin
response24. In particular, the charge-spin recombina-
tion of the dressed charge carrier and spin automatically
gives the electron quasiparticle character25. In this pa-
per, we study the asymmetry of the electron spectrum
in hole-doped and electron-doped cuprates along with
this line. Our results show that the quasiparticle dis-
persions of both hole-doped and electron-doped cuprates
exhibit the flat band around the [π, 0] point below the
Fermi energy. The lowest energy states are located at
the [π/2, π/2] point for the hole doping, while they ap-
pear at the [π, 0] point in the electron-doped case due to
the electron-hole asymmetry. Our results also show that
the striking behavior of the electron spectrum in doped
cuprates is intriguingly related to the strong coupling be-
tween the electron quasiparticles and collective magnetic
excitations.
In both hole-doped and electron-doped cuprates,
the characteristic feature is the presence of the two-
dimensional CuO2 plane
2,3 as mentioned above, and it
seems evident that the unusual behaviors are dominated
by this CuO2 plane. Although the t-J model captures the
essential physics of the doped CuO2 plane
26, the electron-
hole asymmetry may be properly accounted by generaliz-
ing the t-J model to include the second-nearest neighbors
hopping terms t′27. In this case, we start from the t-t′-J
model on a square lattice,
H = −t
∑
iηˆσ
C†iσCi+ηˆσ + t
′
∑
iτˆσ
C†iσCi+τˆ σ
+ µ0
∑
iσ
C†iσCiσ + J
∑
iηˆ
Si · Si+ηˆ, (1)
with ηˆ = ±xˆ,±yˆ, τˆ = ±xˆ ± yˆ, C†iσ (Ciσ) is the electron
creation (annihilation) operator, Si = C
†
i ~σCi/2 is spin
operator with ~σ = (σx, σy, σz) as Pauli matrices, and µ0
is the chemical potential. For the electron-doped case, we
can perform a particle-hole transformation Ciσ → C
†
i−σ,
so that the difference between hole-doped and electron-
doped cases is expressed as the sign difference of the
hopping parameters, i.e., t > 0 and t′ > 0 for the hole
doping and t < 0 and t′ < 0 for the electron doping28.
In this case, the t-t′-J model (1) in both hole-doped
and electron-doped cases is always subject to an impor-
tant on-site local constraint to avoid the double occu-
pancy, i.e.,
∑
σ C
†
iσCiσ ≤ 1. Therefore the strong elec-
tron correlation in the t-t′-J model (1) manifests itself
by this single occupancy local constraint26. It has been
shown that this local constraint can be treated properly
in analytical calculations within the CSS fermion-spin
theory24, Ci↑ = h
†
i↑S
−
i and Ci↓ = h
†
i↓S
+
i , where the
spinful fermion operator hiσ = e
−iΦiσhi describes the
charge degree of freedom together with some effects of
the spin configuration rearrangements due to the pres-
ence of the doped charge carrier itself (dressed charge
carrier), while the spin operator Si describes the spin de-
gree of freedom, then the local constraint for the single
occupancy,
∑
σ C
†
iσCiσ = S
+
i hi↑h
†
i↑S
−
i + S
−
i hi↓h
†
i↓S
+
i =
hih
†
i (S
+
i S
−
i +S
−
i S
+
i ) = 1−h
†
ihi ≤ 1, is satisfied in analyt-
ical calculations. These dressed charge carrier and spin
are gauge invariant24, and in this sense, they are real
and can be interpreted as the physical excitations23. Al-
though in common sense hiσ is not a real spinful fermion,
it behaves like a spinful fermion. In this CSS fermion-
spin representation, the low-energy behavior of the t-t′-J
model (1) can be expressed as24,
H = −t
∑
iηˆ
(hi↑S
+
i h
†
i+ηˆ↑S
−
i+ηˆ + hi↓S
−
i h
†
i+ηˆ↓S
+
i+ηˆ)
+ t′
∑
iτˆ
(hi↑S
+
i h
†
i+τˆ↑S
−
i+τˆ + hi↓S
−
i h
†
i+τˆ↓S
+
i+τˆ )
− µ0
∑
iσ
h†iσhiσ + Jeff
∑
iηˆ
Si · Si+ηˆ, (2)
with Jeff = (1 − δ)
2J , and δ = 〈h†iσhiσ〉 = 〈h
†
ihi〉 is the
doping concentration. As a consequence, the magnetic
energy (J) term in the t-t′-J model is only to form an
adequate spin configuration29, while the kinetic energy
part has been expressed as the interaction between the
dressed charge carriers and spins, which reflects that even
the kinetic energy part in the t-t′-J Hamiltonian has the
strong Coulombic contribution due to the restriction of
no doubly occupancy of a given site, and therefore dom-
inates the essential physics in doped cuprates.
For the discussions of the electron spectrum, we need
to calculate the electron Green’s function G(i−j, t−t′) =
〈〈Ciσ(t);C
†
jσ(t
′)〉〉, which is a convolution29 of the spin
Green’s function D(i − j, t − t′) = 〈〈S+i (t);S
−
j (t
′)〉〉 and
dressed charge carrier Green’s function g(i − j, t − t′) =
〈〈hiσ(t);h
†
jσ(t
′)〉〉, and can be formally expressed in terms
of the spectral representation as,
2
Gp−type(k, ω) =
1
N
∑
q
∫ ∞
−∞
dω′
2π
∫ ∞
−∞
dω′′
2π
Ah(q, ω
′)
× As(q+ k, ω
′′)
nF (ω
′) + nB(ω
′′)
ω + ω′ − ω′′
, (3a)
Gn−type(k, ω) =
1
N
∑
q
∫ ∞
−∞
dω′
2π
∫ ∞
−∞
dω′′
2π
Ah(q, ω
′)
× As(q+ k, ω
′′)
1 − nF (ω
′) + nB(ω
′′)
ω − ω′ − ω′′
, (3b)
for hole-doped and electron-doped cases, respectively,
where the dressed charge carrier spectral function
Ah(q, ω) = −2Img(q, ω), the spin spectral function
As(k, ω) = −2ImD(k, ω), and nB(ω) and nF (ω)
are the boson and fermion distribution functions, re-
spectively. This convolution reflects the charge-spin
recombination29. In the calculation of the electron
Green’s function (3b) for the electron-case, the particle-
hole transformation Ciσ → C
†
i−σ as mentioned above
has been considered. Since the quantum spin operators
obey the Pauli spin algebra, i.e., the spin one-half raising
and lowering operators S+i and S
−
i behave as fermions
on the same site and as bosons on different sites, then
this problem can be discussed in terms of the equation
of motion method24,25. It has been shown that in the
mean-field (MF) level, the spin system is an anisotropic
away from the half-filling25. In this case, we need to
define another spin Green’s function Dz(i − j, t − t
′) =
〈〈Szi (t);S
z
j (t
′)〉〉, and then both spin Green’s functions
D(p, ω) and Dz(p, ω) describe the spin propagations. In
the doped regime without AFLRO, i.e., 〈Szi 〉 = 0, a MF
theory of the t-J model has been developed25. Following
their discussions, the MF dressed charge carrier and spin
Green’s functions of the t-t′-J model have been obtained
as24,
g(0)(k, ω) =
1
ω − ξk
, (4a)
D(0)(p, ω) =
Bp
2ωp
(
1
ω − ωp
−
1
ω + ωp
)
, (4b)
D(0)z (p, ω) =
Bzp
2ωzp
(
1
ω − ωzp
−
1
ω + ωzp
)
, (4c)
where Bp = 2λ1(A1γp − A2) − λ2(2χ
z
2γ
′
p − χ2), Bzp =
ǫχ1λ1(γp−1)−χ2λ2(γ
′
p−1), λ1 = 2ZJeff , λ2 = 4Zφ2t
′,
A1 = ǫχ
z
1 + χ1/2, A2 = χ
z
1 + ǫχ1/2, ǫ = 1 + 2tφ1/Jeff ,
the spin correlation functions χ1 = 〈S
+
i S
−
i+ηˆ〉, χ2 =
〈S+i S
−
i+τˆ 〉, χ
z
1 = 〈S
z
i S
z
i+ηˆ〉, and χ
z
2 = 〈S
z
i S
z
i+τˆ 〉, the
dressed charge carrier’s particle-hole parameters φ1 =
〈h†iσhi+ηˆσ〉 and φ2 = 〈h
†
iσhi+τˆσ〉, γp = (1/Z)
∑
ηˆ e
ip·ηˆ,
γ′p = (1/Z)
∑
τˆ e
ip·τˆ , Z is the number of the nearest
neighbor or second-nearest neighbor sites, while the MF
dressed charge carrier and spin excitation spectra are
given by,
ξk = εk − µ0, (5a)
ω2p = λ
2
1[(A4 − αǫχ
z
1γp −
1
2Z
αǫχ1)(1− ǫγp)
+
1
2
ǫ(A3 −
1
2
αχz1 − αχ1γp)(ǫ − γp)]
+ λ22[α(χ
z
2γ
′
p −
3
2Z
χ2)γ
′
p +
1
2
(A5 −
1
2
αχz2)]
+ λ1λ2[αχ
z
1(1− ǫγp)γ
′
p +
1
2
α(χ1γ
′
p − C3)(ǫ− γp)
+ αγ′p(C
z
3 − ǫχ
z
2γp)−
1
2
αǫ(C3 − χ2γp)], (5b)
ω2zp = ǫλ
2
1(ǫA3 −
1
Z
αχ1 − αχ1γp)(1 − γp)
+ λ22A5(1− γ
′
p) + λ1λ2[αǫC3(γp + γ
′
p − 2)
+ αχ2γp(1 − γ
′
p)], (5c)
respectively, where εk = Ztχ1γk − Zt
′χ2γ
′
k, A3 =
αC1 + (1 − α)/(2Z), A4 = αC
z
1 + (1 − α)/(4Z),
A5 = αC2 + (1 − α)/(2Z), and the spin correla-
tion functions C1 = (1/Z
2)
∑
ηˆ,ηˆ′〈S
+
i+ηˆS
−
i+ηˆ′
〉, Cz1 =
(1/Z2)
∑
ηˆ,ηˆ′〈S
z
i+ηˆS
z
i+ηˆ′
〉, C2 = (1/Z
2)
∑
τˆ ,τˆ ′〈S
+
i+τˆS
−
i+τˆ ′
〉,
C3 = (1/Z)
∑
τˆ 〈S
+
i+ηˆS
−
i+τˆ 〉, and
Cz3 = (1/Z)
∑
τˆ 〈S
z
i+ηˆS
z
i+τˆ 〉. In order to satisfy the sum
rule of the correlation function 〈S+i S
−
i 〉 = 1/2 in the case
without AFLRO, the important decoupling parameter α
has been introduced in the calculation25, which can be
regarded as the vertex correction.
In the MF approximation, the electron spectrum of
the hole-doped cuprates has been discussed based on the
t-J model25, where the majority feature is that the MF
intensity peaks in the electron spectrum at the high sym-
metry points are qualitatively consistent with the numer-
ical simulations. However, for the qualitative compar-
ison with the experimental results of both hole-doped
and electron-doped cuprates4,11–15, the electron spec-
trum and overall quasiparticle dispersion should be stud-
ied beyond the MF approximation, since they are asso-
ciated with the fluctuation of the dressed charge carri-
ers and spin (then electrons). In the following discus-
sions, we limit the spin part to the first-order (the MF
level) since the charge transport can be well described
at this level24,28,30. On the other hand, it has been
shown that there is a connection between the charge
transport and the quasiparticle dispersion around the
[π, 0] point4,31. Within the CSS fermion-spin theory,
we24,28,30 have discussed the charge transport of both
hole-doped and electron-doped cuprates, and found that
there is no direct contribution to the charge transport
from the spins, although the strong correlation between
the dressed charge carriers and spins has been consid-
ered through the spin’s order parameters entering in
the dressed charge carrier part. Therefore we treat the
dressed charge carrier part beyond the MF approxima-
tion by considering the fluctuation. In this case, we ob-
tain the self-consistent equation in terms of the equation
of motion method that satisfied by the full dressed charge
carrier Green’s function as32,33,
3
g(k, iωn) = g
(0)(k, iωn)
+ g(0)(k, iωn)Σ
(h)(k, iωn)g(k, iωn), (6)
with the dressed charge carrier self-energy is evaluated
from the spin pair bubble as,
Σ(h)(k, iωn) =
1
N2
∑
p,p′
Λ(k,p,p′)
1
β
∑
ipm
g(p+ k, ipm + iωn)
×
1
β
∑
ip′
m
D(0)(p′, ip′m)
× D(0)(p′ + p, ip′m + ipm), (7)
where Λ(k,p,p′) = [Ztγp+p′+k − Zt
′γ′p+p′+k]
2. This
self-energy function Σ(h)(k, ω) renormalizes the MF
dressed charge carrier spectrum, and therefore it de-
scribes the quasiparticle coherence. In particular,
Σ(h)(k, ω) is not even function. For the convenience
of the discussions, Σ(h)(k, ω) can be broken up into
its symmetric and antisymmetric parts as, Σ(h)(k, ω) =
Σ
(h)
e (k, ω) + ωΣ
(h)
o (k, ω), therefore both Σ
(h)
e (k, ω) and
Σ
(h)
o (k, ω) are even functions of ω. Now we define
the quasiparticle coherent weight as Z−1F (k, ω) = 1 −
Σ
(h)
o (k, ω), then the full dressed charge carrier Green’s
function in Eq. (6) can be written as,
g(k, ω) =
ZF (k, ω)
ω − ZF (k, ω)[ξk +Σ
(h)
e (k, ω)]
. (8)
Since we only discuss the low-energy behavior of doped
cuprates, then the quasiparticle coherent weight can
be discussed in the static limit, i.e., Z−1F (k) = 1 −
Σ
(h)
o (k, ω) |ω=0 and Σ
(h)
e (k) = Σ
(h)
e (k, ω) |ω=0. Al-
though ZF (k) and Σ
(h)
e (k) still are a function of k,
the wave vector dependence is unimportant. It has
been shown from ARPES experiments4,11–13 that in the
normal-state, the lowest energy states are located at the
[π/2, π/2] point for the hole-doped cuprates, and the
[π, 0] point in the electron-doped case4,11,14,15, which in-
dicates that the majority contribution for the electron
spectrum comes from the [π/2, π/2] point for the hole
doping, and the [π, 0] point for the electron doping. In
this case, the wave vector k in ZF (k) and Σ
(h)
e (k) can be
chosen as Z−1F = 1 − Σ
(h)
o (k) |k=kh=[pi/2,pi/2] and Σ
(h)
e =
Σ
(h)
e (k) |k=kh=[pi/2,pi/2] for the hole doping, and Z
−1
F =
1 − Σ
(h)
o (k) |k=ke=[pi,0] and Σ
(h)
e = Σ
(h)
e (k) |k=ke=[pi,0]
for the electron doping, then the dressed charge carrier
Green’s function in Eq. (8) can be expressed explicitly
as,
g(k, ω) =
ZF
ω − ξ¯k
, (9)
where the renormalized dressed charge carrier quasipar-
ticle spectrum ξ¯k = ε¯k − µ, with ε¯k = ZF εk and renor-
malized chemical potential µ = ZF (µ0 − Σ
(h)
e ). As we
will see later, this ZF reduces the dressed holon (then
electron quasiparticle) bandwidth, and then the energy
scale of the electron quasiparticle band is controlled by
the magnetic interaction J , while Σ
(h)
e renormalizes the
chemical potential, and therefore plays an important role
in qualitatively determining the positions of peaks from
the doping dependence of the electron spectrum. In this
case, the quasiparticle coherent weight ZF satisfies the
following equation,
Z−1F = 1 +
1
N2
∑
pp′
Λ(k,p,p′)ZF
Bp′Bp+p′
4ωp′ωp+p′
×
(
F1(k,p,p
′)
(ωp+p′ − ωp′ − ξ¯p+k)2
+
F2(k,p,p
′)
(ωp′ − ωp+p′ − ξ¯p+k)2
+
F3(k,p,p
′)
(ωp′ + ωp+p′ − ξ¯p+k)2
+
F4(k,p,p
′)
(ωp+p′ + ωp′ + ξ¯p+k)2
)
, (10)
where F1(k,p,p
′) = nF (ξ¯p+k)[nB(ωp′) − nB(ωp+p′)] −
nB(ωp+p′)nB(−ωp′), F2(k,p,p
′) =
nF (ξ¯p+k)[nB(ωp′+p) − nB(ωp′)] − nB(ωp′)nB(−ωp′+p),
F3(k,p,p
′) =
nF (ξ¯p+k)[nB(ωp+p′) − nB(−ωp′)] + nB(ωp′)nB(ωp+p′),
and F4(k,p,p
′) = nF (ξ¯p+k)[nB(−ωp′) − nB(ωp+p′)] +
nB(−ωp′)nB(−ωp+p′). This self-consistent equation
must be solved simultaneously with other self-consistent
equations25,
φ1 =
1
2N
∑
k
γkZF
(
1− th[
1
2
βξ¯k]
)
, (11a)
φ2 =
1
2N
∑
k
γ′kZF
(
1− th[
1
2
βξ¯k]
)
, (11b)
δ =
1
2N
∑
k
ZF
(
1− th[
1
2
βξ¯k]
)
, (11c)
χ1 =
1
N
∑
k
γk
Bk
2ωk
coth[
1
2
βωk], (11d)
χ2 =
1
N
∑
k
γ′k
Bk
2ωk
coth[
1
2
βωk], (11e)
C1 =
1
N
∑
k
γ2k
Bk
2ωk
coth[
1
2
βωk], (11f)
C2 =
1
N
∑
k
γ′2k
Bk
2ωk
coth[
1
2
βωk], (11g)
C3 =
1
N
∑
k
γkγ
′
k
Bk
2ωk
coth[
1
2
βωk], (11h)
1
2
=
1
N
∑
k
Bk
2ωk
coth[
1
2
βωk], (11i)
χz1 =
1
N
∑
k
γk
Bzk
2ωzk
coth[
1
2
βωzk], (11j)
χz2 =
1
N
∑
k
γ′k
Bzk
2ωzk
coth[
1
2
βωzk], (11k)
4
Cz1 =
1
N
∑
k
γ2k
Bzk
2ωzk
coth[
1
2
βωzk], (11l)
Cz3 =
1
N
∑
k
γkγ
′
k
Bzk
2ωzk
coth[
1
2
βωzk], (11m)
then all order parameters, decoupling parameter α, and
chemical potential µ are determined by the self-consistent
calculation. In this sense, our above calculations are ex-
act without using adjustable parameters, in other words,
they are controllable.
With the help of the dressed charge carrier Green’s
function g(k, ω) in Eq. (9) and MF spin Green’s function
D(0)(p, ω) in Eq. (4b), the electron Green’s function in
Eq. (3) can be evaluated explicitly as,
Gp−type(k, ω) =
1
N
∑
p
ZF
Bp+k
2ωp+k
(
L1(k,p)
ω + ξ¯p − ωp+k
+
L2(k,p)
ω + ξ¯p + ωp+k
)
, (12a)
Gn−type(k, ω) =
1
N
∑
p
ZF
Bp+k
2ωp+k
(
L2(k,p)
ω − ξ¯p − ωp+k
+
L1(k,p)
ω − ξ¯p + ωp+k
)
, (12b)
for hole-doped and electron-doped cases, respectively,
where L1(k,p) = nF (ξ¯p) + nB(ωp+k) and L2(k,p) =
1− nF (ξ¯p) + nB(ωp+k), then the electron spectral func-
tion A(k, ω) = −2ImG(k, ω) is obtained from the above
corresponding electron Green’s function as,
Ap−type(k, ω) = 2π
1
N
∑
p
ZF
Bp+k
2ωp+k
× [L1(k,p)δ(ω + ξ¯p − ωp+k)
+ L2(k,p)δ(ω + ξ¯p + ωp+k)], (13a)
An−type(k, ω) = 2π
1
N
∑
p
ZF
Bp+k
2ωp+k
× [L2(k,p)δ(ω − ξ¯p − ωp+k)
+ L1(k,p)δ(ω − ξ¯p + ωp+k)]. (13b)
We are now ready to discuss the electron spectrum
and quasiparticle dispersion in doped cuprates. Since
the absolute values of t and t′ are almost same for both
hole-doped and electron-doped cuprates27, therefore the
commonly used parameters in this paper are chosen as
t/J = 2.5 and t′/J = 0.375 for the hole doping, and
t/J = −2.5 and t′/J = −0.375 for the electron doping.
We have performed the calculation for the electron spec-
tral function in Eq. (13), and the results at the [π, 0]
point for (a) the hole doping and (b) electron doping,
and at the [π/2, π/2] point for (c) the hole doping and (d)
electron doping with temperature T = 0.1J in the dop-
ing concentration δ = 0.09 (solid line), δ = 0.12 (dashed
line), and δ = 0.15 (dotted line) are plotted in Fig. 1. For
the hole doping, although both positions of the quasipar-
ticle peaks at the [π, 0] and [π/2, π/2] points are below
the Fermi energy, the position of the quasiparticle peak
at the [π/2, π/2] point is more close to the Fermi energy,
which indicates that the lowest energy states are located
at the [π/2, π/2] point. In other words, the low energy
spectral weight with the majority contribution to the low-
energy properties of the hole-doped cuprates comes from
the [π/2, π/2] point. However, only the position of the
quasiparticle peak at the [π, 0] point for the electron dop-
ing is below the Fermi energy, and in contrast to the hole-
doped case, the position of the quasiparticle peak at the
[π/2, π/2] point is above the Fermi energy, which mean
that the lowest energy states appear at the [π, 0] point,
i.e., only states around the [π, 0] point have the majority
contribution to the low-energy properties of the electron-
doped cuprates. These behaviors reflect the electron-hole
asymmetry in hole-doped and electron-doped cuprates.
Moreover, the electron spectrum is doping dependence.
The quasiparticle peaks at the [π, 0] and [π/2, π/2] points
for the hole doping and at the [π, 0] point for the elec-
tron doping become sharper, while the spectral weight of
these peaks increases in intensity with increasing doping.
Furthermore, we have also discussed the temperature de-
pendence of the electron spectrum, and the results show
that the spectral weight is suppressed with increasing
temperatures. Our these results are qualitatively consis-
tent with the ARPES experimental data4,11–15,17.
For a better understanding of the anomalous form
FIG. 1. The electron spectral function A(k, ω) at [pi, 0]
point for (a) the hole doping and (b) electron doping, and at
[pi/2, pi/2] point for (c) the hole doping and (d) electron dop-
ing with T = 0.1J in δ = 0.09 (solid line), δ = 0.12 (dashed
line), and δ = 0.15 (dotted line), where the commonly used
parameters are chosen as t/J = 2.5 and t′/J = 0.375 for
the hole doping, and t/J = −2.5 and t′/J = −0.375 for the
electron doping.
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of the electron spectrum A(k, ω) as a function of en-
ergy ω for k in the vicinity of the [π, 0] point, we have
made a series of calculations for A(k, ω), and the re-
sults for (a) the hole doping and (b) electron doping
with T = 0.1J in δ = 0.15 at the [0.9π, 0] (solid line),
[0.95π, 0] (long dashed line), [π, 0] (short dashed line),
[π, 0.05π] (dash-dotted line), and [π, 0.1π] (dotted line)
points are plotted in Fig. 2. Obviously, the positions
of these peaks of the electron spectral function A(k, ω)
around the [π, 0] point are almost not changeable, which
leads to the unusual quasiparticle dispersion around the
FIG. 2. The electron spectral function A(k, ω) for (a) the
hole doping and (b) electron doping with T = 0.1J in δ = 0.15
at [0.9pi, 0] (solid line), [0.95pi, 0] (long dashed line), [pi, 0]
(short dashed line), [pi, 0.05pi] (dash-dotted line), and [pi, 0.1pi]
(dotted line) points, where the commonly used parameters are
chosen as t/J = 2.5 and t′/J = 0.375 for the hole doping, and
t/J = −2.5 and t′/J = −0.375 for the electron doping.
[π, 0] point. Furthermore, the lowest energy peaks are
well defined at all momenta. To show the broad feature
in the electron spectrum around the [π, 0] point clearly,
we plot the positions of the lowest energy quasiparti-
cle peaks in A(k, ω) as a function of momentum along
the high symmetry directions for (a) the hole doping
and (b) electron doping with T = 0.1J at δ = 0.15 in
Fig. 3. For comparison, the corresponding results of the
bare electron dispersion of the t-t′ model (dotted line),
and experimental results (inset) of the electron disper-
sion from the hole-doped cuprate12 Bi2Sr2CaCu2O8+δ
and electron-doped cuprate11 Nd2−xCexCuO4+δ are also
shown in Fig. 3. Our these results show that in accor-
dance with the anomalous property of the electron spec-
trum in Fig. 2, the electron quasiparticles around the
[π, 0] point disperse very weakly with momentum, and
then the unusual flat band appears, while the Fermi en-
ergy is only slightly above this flat band, in qualitative
agreement with these obtained from ARPES experimen-
tal measurements on doped cuprates4,11–15.
Since the full electron Green’s function (then the elec-
tron spectral function) is obtained beyond the MF ap-
proximation by considering the fluctuation due to the
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FIG. 3. The position of the lowest energy quasiparti-
cle peaks in A(k, ω) as a function of momentum for (a)
the hole doping with t/J = 2.5 and t′/J = 0.375, and
(b) electron doping with t/J = −2.5 and t′/J = −0.375,
in T = 0.1J at δ = 0.15. The dotted line are corre-
sponding results of the bare electron dispersion of the t-t′
model. Inset: the corresponding experimental results of
the hole-doped cuprate Bi2Sr2CaCu2O8+δ and electron-doped
cuprate Nd2−xCexCuO4+δ taken from Refs. [12] and [11], re-
spectively.
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spin pair bubble, therefore the nature of the electron
spectrum is closely related to the strong coupling be-
tween the dressed charge carriers (then electron quasi-
particles) and collective magnetic excitations. This can
be understood from a comparison between the bare elec-
tron dispersion of the t-t′ model and renormalized elec-
tron quasiparticle dispersion of the t-t′-J model in Fig. 3.
Our results show that the single-particle hopping in the
t-t′-J model is strongly renormalized by the magnetic
interaction. As a consequence, the quasiparticle band-
width is reduced to the order of (a few) J , and therefore
the energy scale of the quasiparticle band is controlled
by the magnetic interaction. This renormalization due
to the strong interaction is then responsible for the un-
usual electron quasiparticle spectrum and production of
the flat band. On the other hand, although t′ does not
change spin configuration, the interplay of t′ with t and J
causes a further weakening of the AF spin correlation for
the hole doping, and enhancing the AF spin correlation
for the electron doping21, which shows that the AF spin
correlations in the electron doping is stronger than these
in the hole-doped side, and leads to the asymmetry of
the electron spectrum in hole-doped and electron-doped
cuprates. This is why t′ term plays an important role
in explaining the difference between electron and hole
doping. Moreover, our present results also show that
the electron quasiparticle excitations originating from the
dressed holons and spins are due to the charge-spin re-
combination, this reflects the composite nature of the
electron quasiparticle excitations, and then the uncon-
ventional normal-state properties in doped cuprates are
attributed to the presence of the dressed charge carriers,
spin, and electron quasiparticle excitations.
Finally, we have noted that an obvious weakness of
the present results is that the flat band for the electron
doping is not well below the Fermi energy. In the above
calculation, the spin part has been limited to the MF
level, and therefore the spin fluctuations beyond the MF
level is not considered. Since the AF spin correlations
in the electron doping is stronger than these in the hole
doping as mentioned above, it is then possible that the
weakness perhaps due to neglecting the spin fluctuations
in the present case may be cured by considering them,
and these and other related issues are under investigation
now.
In summary, we have studied the asymmetry of the
electron spectrum and quasiparticle dispersion in hole-
doped and electron-doped cuprates based on the t-t′-J
model. Our results show that the quasiparticle disper-
sions of both hole-doped and electron-doped cuprates
exhibit the flat band around the [π, 0] point below the
Fermi energy. The lowest energy states are located at the
[π/2, π/2] point for the hole doping, while they appear at
the [π, 0] point for the electron doping due to the electron-
hole asymmetry. Our results also show that the unusual
behavior of the electron spectrum and quasiparticle dis-
persion is intriguingly related to the strong coupling be-
tween the electron quasiparticles and collective magnetic
excitations. Within the CSS fermion-spin theory, we
have developed a kinetic energy driven SC mechanism33,
where the dressed charge carriers interact occurring di-
rectly through the kinetic energy by exchanging the spin
excitations, leading to a net attractive force between the
dressed charge carriers, then the electron Cooper pairs
originating from the dressed charge carrier pairing state
are due to the charge-spin recombination, and their con-
densation reveals the SC ground-state. Based on this SC
mechanism, we have discussed the doping and tempera-
ture dependence of the electron spectrum of hole-doped
and electron-doped cuprates in the SC-state, and related
theoretical results will be presented elsewhere.
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